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PREFACE

In recent years chlorine dioxide has been found useful for a variety

of purposes including the bleaching of flour,, textiles and grease and as

a water treatment r'eagent.

Elemental chlorine has been found to be the most useful of dis-.

infecting chemicals for fater or waste water; however th~ere are some

disad'eantages to its use. Its initial hydrolysis product, kxypochlorous

acid, dissociates to yield the relatively poor disinfectfintg bypeo-

chlorite ion. Also the hypocblorous acid reacts readily with some am-ino

type compounds cwmonly found in water to form a chlorine-amine system

which is a poorer disinfectant than bypochlorous acid. Despite the

dissociation or formation of chlorine-amine ccmpounds, chl9rine remains

the disinfectant of choice in most instances. 1wvv~ hen yhnl

are present the chlorine reacts with the ý'phendls"-*t6-,tirzzr Cý!korophenols

which are odorous;, in fact so odorous the water may be unpalatable. It

has been observed repeatedly that chlorine dioxide seems to destroy, In

many cases,, the chiorophenols reducing or eliminating that odor problem.

Chlorine dioxide is a rather unstable gas at ordinary contditions

and is quite soluble in water. It =7.a be prepared In a nunber of ways;

for water works practice, the generation is usually by means of mixing

aq~ueous solutions of chlorine anid sodium chlorite. This papr is a report

of the study of the reaction between hypochiorous acid and chlorite Ion

which, under the, condition of the expeeriritsj, yielde~d chlorine dioxide,

ch-lorate and chloride. It was found possible to use the ultra-violet

range of the Spectrophotometer to trace the course of the reaction,

Other means were also used to metsure the various Wpecles of chlorine

present. The experimental vork made.possible the deterjmtnatin of the

reaction kinetics under a variety of conditions, the activation evirgies
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CHAPTER I

INT'RODUCTION

Chlorine dioxide as used in water works practice is generated at

the place of use by mixing aqueous solutions of hypochlorous acid and

sodium chlorite in a reaction vessel termed a generator. Little is known

of the reaction in terms of kinetics, yield, or mechanisms. It is the

purpose of this research to seek this information.

Within a pH range of 3.5 to 5.5 almost all of the chlorine present

is in the form of hypochlorous acid and the chlorite in the form of

the Ion(l). Thus the reaction may be indicated by Equation 1.

gHOC1 + hClW0" p C10 2 + q C10" + rCl-. (1)

It was necessary to determine the values of g, h, p, q and r, Under

certain conditions the reaction is sufficiently slow to allow tracing

of absorbancies due to hypochlorous acid, chlorite and chlorine dioxide

with time using the ultra-violet range of the spectrophotameter. Calcula-

tion of concentration of these three molecular species at various times

was then possible. Tracing the concentration with time of chlorate or

chloride was not possible; however, concentration of these two letter

species could be measured at the completion of a run. It was found that

the relative values of g, h, p, q, and r remained constant during the

course of a single run, but did change with experimental conditic~s.

Also with the concentration-time information on hypochlorous

acid, chlorite and chlorine dioxide it became possible to establish

kinetic equations. The reaction rate is described by Equation (2).

d[ClO,] k ~ lm. 2

The k the apparant reaction velocity coefficient, is affected
app,

by 1p and by buffer concentration; the effect of each on the k was
app

determined. Furthermore each of the several components of kap were
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the stoichiosetry of Equation (1) was reasonably well supported by

measurement and the need of oxidation-reduction balance apparent, it

became possible to surgest a certain reaction mechanism.

The experimental procedures, methods and results of data analysis,

the proposed mechanisms and reaction thermodynamics are described in

detail in the succeeding chapters of this report.

I
I

I_
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CHAPTE 2

EXPER1h11ITAL PROCEDURES

In this section is included a discussion of the reagents, equipment

used, the analytical procedurea and the actual conduct of the experiments.

A. Reegents

1. Organic Free Distilled Water (O.F.D.)

The preparation of water suitable as a solvent for any of the

oxychloro species was one of the most troublesome problems. The

procedure adopted involved the redistillation of regular distilled

water from acid permanganate (14 Conc.-I12 SO4 and 11 K?0nOa), the

permanganate being effective in removing volatile amines. The

distillate traveled through a long vertical column containing glass

beads and wrapped with asbestos. It was necessary to use a heating

tape near the top of the column in order to break the continuous

film of water from the distillation flask; otherwise, there as

creeping of the permanganate and the distillate would contain about

10"T of the oxidizing agent.

2. 1bychlorous Acid ClOC)

Hypochlorous acid was prepared according to the method of

Zimmerman and Strong (2) by saturating water with chlorine Gas.,

neutrallz ing to a pH of about 5 with sodium hydroxide, and distilling

under reduced pressure at a temperature of <150 C, using a cold finger

submerged in an acetone - ry ice trap. The first distillate was

rejected and the succeeding ones were collected. Silver sulfate

was added to the distillate to precipitate the remaining chloride

ions, the mixture vas shaken overnight, and the solution was redistilled,

the first distillate again being reJected. Previous experiqrice has

demonstrated the need for rejecting the first distillate in each

distillation. This procedure yielded a distnllete which gave a
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and also a nega•tve test for sulfate ions when barius chloride

was added. A solution of about 0.051! bypochiorous acid resulted

when this procedure ws.-used for its preparation, the concentration

beizig determined lod•metrically using thiosulfate with starch

as the indicator.

3. Chlorine Dioxide (CO

Chlorine dioxide was prepared according to a method of

Granstrom and Lee(l) by dissolving 4 grams of soditm chlorite in

50 •xl distilled water in the reaction vessel - to this was added

a solution of 2 grams of potassium persulfate in 100 ml distilled

water. High purity nitrogen geas (Linde) was used to sweep out the

chlorine dioxide formed; this 'i2 - C10 2 gas iiu was passed

through a dry sodium chlorite column to remove -an traces ofr:

hypochlorous acid which may have been formed; nextt, the -e

were passed into a trap to remve Bray sodium chlorite Gus wich

may have been carried over and finally theý cblorne IM _W "as

collectAd in cool O.F.D. vater. The teiperature or h Wrecuiv

solution was kept from 0-100 C. by immersing: the contalýer-inUa

beaker of crushed ice- this increases tNe 064lility of ehix-

ide. A solution concentration Ahich ranged from 2 to 10-x 0H

could be prepared thus., the resulting concentration bei•t, w

lodometrically at a pH of I to 1.5.

.. Sodium Chlorite Solutions

The most important concern in thc prepajrtio4nof sodium

chlorite solutions was the purity of -the-salt. Tinally the oition*q

were prepared from an an&lyti-cal._Pk # -r* m atrial i

analysis, was 98.2% pure. Sodukm chloite at (n3talrd)

apparently deteriorates more ra4F33y than adbticipated - Ths



-salt on our shelf yielded about 851 chlorite whereas two years ago

the salt was about 982 chloriteo Attempts to recrystallize the

sodium chlorLte using the method of Weiner (4) were somewhat

disappointing; apparontly we could increase yield to only about

92. Howver,, a fresh sample of sodium chlorite (98+4) was

obtained from the Olin Hathieson Co. A private communication

from Dr. Max Metaiger of that company provided us with procedures

for further repurLfication which we did not believe necessary. See

Appendix A for procedures.

5. luffer &WAERM

It was decided to use a phosphate buffer system--some of the

organic system which are appropriate in this pH range especially

acetic acid-acetate may react with the ozychloro compounds present.

It is not likely that this phosphate systim would be thus affected.

Also saw previous experience showed that at a molal concentration

of 0.1 or more the phosphate buffer system would hold the p8 constant

• nder the experimental conditions anticipated in this research.

It was decided to hold the ionic strength of the reaction at

0.3 using molal concentrations throughout. This necessitated

evaluation of the ionic strength of the buffer systems as described

below:

1) In the concentrstion region of interest, i.e.

0.1-0,3 molal, the pH of a KHi2PO4 solution is about 4.3.

Thus to obtain-pH of 5 it would be necessary to add K2HPO4 .

The relative amounts of H2P0 4•* and HPO 4 at a PH of 5 may be

calculated thus: + (3)
H 2 O4 Il + HP04_

idT5x0
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or at a piof5,

[EPo"') K2  7.5 x 10-.
~ [H TO x 10

or about 99.25%! of the total system is In the form Of H2P04 .

Since the salt KH2PO4 dissocitates, K 2PO4 ~ ~+ %2 0j into

tvo monovalent ions,# the Ionic strength Is -equal to -the -concezn-

tration. Thus, at a PHt of 5-the ionic strength -ofan H, POj B0

srstain can- be considered to- be equal- to- the- concentrtion*- of -the~

KH2P04 Salt.

2) Similarly to obtain a pHt of soy As N3-P0-4 V641&U added-

to the 'CH2P04 Salt.

The relative concentrations-of the acid and the- salt

could be calculated -as follows:

E3 01112 P 0* H (,

-. :or pt apH~of 4

W2
(H -PO 4  K1  1.1 x10 1. 10

2 -

IH.3P041] [H I 1 x10

or the salt concentration Is -100 times the- -acid-cnetain

Thus the ionic strength-of the 113 -0IK 0 ytmcould be-

considered equal to the concentraticon of the-KHý?04 salt.

To prepare the buffer systems to be u1sedl, e*ithefr -,H P0- -o-,rr

K2HPO4 solution was added- to the 1%H2P 4 solution, Akt eiach- o6f

the reaction pi's- -(f*-*2-, .5 -or $.0) throee differen _-biatftr

concentrationw wvtld be used- in- the reaction rune, -aey01

0.2 and 0.3 molal. Since the ýbuffr -ocnrtq fet-h-

p11, 0notpo-t concentrated- buffets r*-PWiýpn .
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_oft__O&teah of _the se"ts having a naminal pH. Thus, for a

gi• m---p the appropriate concentrated buffer would upon dilution

yield-that AH value. At a different dilution of that concentrated

buffer the final pH would be different. To avoid this# the pH

of the concentrated buffer was adjusted slightly.

Aln other chehicAls used were reagent or analytical reagent

grade-except those as described previously in this section.

, • ,n - The equipment in this research included:

-_1. PSCXy Recording Spectrophotometer Model UIS with a hydrogen

discharge laxp. -atched pairs of 1.00 and 10.00 cm silica

cells with givchd glass stoppers were used; cell corrections

were made when necessary.

2. Beckman, 'Iodel G9, p1 meter

3.T Fisher, Type S Potentiometer with silver-silver chloride and

calomw electrodes. The calomelaelectrode was pbysically

coonected to the solution under analysis by a potassium nitrate-

agar U tube salt bride.

•, Precision Scientific-Co. constant temperature water bath

(circulating system) was used when the reaction temperature

-as above ambient. The water was circulated using a Fisher

Circulating Pump,, .odel B-i. When reaction temperature was

less than ambient the contents of the water bath were cooled

by circulating cold water through the coils. This outside

cold water was itself cooled by subnerged coils tdhch were

in effbot the remote coil-s of a refrigerator.

The a itional apparatus used in conjunction -ith the

procedur In this report outside of the apparatus described,

mare, for -theo most powofth aiil lao-oyequipment type,



C. kleasuraet

Previous experience indicated that very ac-curate valties of molair

absorptivity were needed to trace the reactions of the research. Also

previous experience revealed the extreae difficulty of obtaining-

repliciticity of these values. owiever,, ncw it iippears -that a

satisfactory system has been established. The spectta- of- hyp-w-chl-o Wu

acid, chlorite and chlorine dioxide are shsmn In Appendix 1.

a. Sglacq&_f.aibration Data

The teagents and buffers were prepaired at- de-scribed -in.Section A

and concentration determination* of the oxye*loros spcies were dome

using the iodometric technique with thloaullate and-s-tarch indicator.-

The pH valuesv used were approkimately. 4 for hypochlor'o-us acid -an~d 1.0-

to 1.5 for chlorite and-chlorine dioxide* Spectra Waeitknusn*

Cary RecordingS Spectra'photomster Hddode 11S. Becaus--of- tihe relative
iustabiliv/ of these ozychloro' coqoud iwancesy to b eau

concentration by titration simuzlcaneouly- with the sp*ectrum .tracfing,

This vas repeated numerous times with--each species undekr a variety of

the. typical condi-tipns which will be Used- for th. kinetic unns 0 -Wati

ixs, pH 4.2 to 54.0,, buffer concentration 0.1 -to- 0.3 a~lal, And- i-oic-

strength up to 0.3 molal using sodium-sulfate.

b. Anlss the Data

As anticipated the wave lengths of maxi~maabsorb46cqwee 25. 60

and 357 up for hypochlorods -acid, crhlorit ilow? afd chlorine dtioid

respectively. At. 238 ump -the spectrm -of hoieisiavaly

whereas At 235 up -the spec tum, is, rising stoely I I.

the -other- hand the !Pcr-o hpchoosaids aoi l

_flat in- -the- region, of 230-240::up. hroe t, v egh
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-m~wU%,ww %v' ammurput1viy valmw dez@rrnnations were L-50, ZOU

and 33T up. The ftlues obtained for each of the oxychloro

species at eOach of the three wave lengths are shown in Table 1.

Holw Absorptivities of HOCI, C10j° and CMC2

af -Io -a Chlorine Chlorite Hypochlorous
Dioxide Ion Acid

238 11.0 66 102

45, 155 4

357 1242 4.4 1.7

C. Ei1t Difficulties

Stock solutions of chlorine lioxide pro'!d to be

somethat unstable and were always prepared on the day of use

and stored at refigerator teW iture when not in use. The

instability of chlorine doxui .ears to derive from its

volatility at an air-water interface. Dilutions in s*oppered

Cary cells shoved no evidence of light-activated decomposition

in the -pectrophotoanter with time. Therefore, the precautions

taken bear only on the calibration runs and will not affect

the absorbency readings on chlorine dioxide being produced by

reaction with the Cary cell.

d. Analysis of CalbratIon, Data

Using this simultanems titration - absorbency tracing

procedure, it was detexrmd that solutions of chlorine dioxide

follow Bear's law up-to a concen.trftion of 11. x LO"4 molar.

There was sem indicatito tbat st hgher concentrations the

absorbency tends, to- fell below this linear ralationsi~p. This

as not ivestigatd since cnce••t os of cblorine dioxide

higher than this value vere not generated in this research.
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In the final deteraination of this aftereznce to Beer's[

law* only replicated data at each of five concentrations vwa-

used. Thereby the reproftelliblity of both ebsorbanay and titrated

malarity could be expressed. M0i2lyq a 1tast squares fit of

the replicate data wes calculated as follows:

A or 0.00163 4- 1236 C

where A is the recorded absorbancy at 357 iti and C In the solar

concentration of chlorine-dioxide. Tbigi linear-relationship-

passes through the cross at eachi concentration formed-by limet

extending hlorizontally and vertically one standard deviation

from the mean absorbency - rnean molar concentration. .
Since this relationship nearly approaches but does not

exactly pass through the origin,, it vas felt that furthir

refinement vas not varranted but that. a mean value of 12142 could

be considered, Once the experimental difficulties-were resolved

it was possible using replicate dilutions of a singecocntaio

to obtain soiar absorptivity values with average deviaticlis:6I of,-

2. flsaup ements of Chlorideý and -Chlorate

iUseo-f-4tentii6try wees ixde ifi..-nolysig'of thWft*-Tz~z Of-chlorine

in the system at the cosmpletion of a run. The equipuent-included Vt
a Type S Fisher Potentiometer,, a calomel eklectrode vessel0 - and a-F-

silver-.silver chloride electrode. The calaiuel electrodevssl1

consisted of an agar salt bridge -and a saturated.merc.ury celoU0l

electrode, The agar salt -brid~ee(5 consists of a-nro iae

tube filled with a Gel, of-st, tdpoasi iraei gr

This el ispV-ered- by beatin 306 zwin. p#otsi nItrtM 3

sagr and 100.1l. of distille wafter genhtly,*mil l eo

Into solution ndtesolution i la.Aayi a are
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0!. by iwereine the silver-sliver chloride electroe and one end

-o-the• i-ant Uridge-In a beaker containing -the solution of chloride

tobe-ttrated =nd titrating with silver nitrate. The normality

t, -the silver nitrate vas previously determined using this

,otentimotti titntion with a chloride solution as a primary

Two types eW reductions were carried out on the system at

thu completion of a run and the reduced solutions were titrated

potentimetrically for chloride.

1. The chloride formed as a product of the reaction was determined

by the reduction with hydroxylamine sulfate.(1) The following

prccedure %as used: Zqual amnts of each half sample were

mixed and allowed to react for the same length of time that

the reaction had been traced in the spectrophotineter run.

Wenty-five ml. of hydroxylamine sulfate solution (0.l3) was

added and the resulting solution titrated potentiometrically

with a silver nitrate solution of known concentration. The

calculations and discussion of these data are described in

Section F of Chapter 3.

2. Amalgamated zinc in a Jones reducter colum served as the
(6)

reducing agent to reduce the chlorate In the system to chloride.

te aealamated zinc for use in the reductor column is prepared

as follows:(7) Add 300 v3. of a 2V mercuric nitrate-solution

and 1.5 al. of concentrated nitric acid to 300 gm. of pure

20 mesh tine in a beaker. Stir the mixture thoroughly for

5 to 10 Minutes, then decant the solution frM the zinc and

wash 2 or 3 times by decantation. Fin the reductor tube

with water, then add the zinc slOly until the colum is

completely packed. UAsh vith 500 ml. of distilled water,



using gentle suction.

The following jrdeedure - -va. used' foi;.1oia&yiAs of the

mixture for total amount of chlorine present In all forms at

the end of the reaction. Equal amounts of each half sample

ver" mixed and allowed to react for the same lenhth of time

the reaction was followed in the specirophotometer. Fifty 1

ml. of 141 sulfuric acid and 7.5 ml. of 0.1 1I sodium molybdate

were added to this and the solution passed through the Jonlbr

reductor column. The column, reaction beaker and filter flask t
were washed three times with small portions of distilled water

and these vashings added to the filtrate. The ?4o4++, making-

the solution green, was oxidised to rtO.' (colorless) by

dropvise addition of 0.111 potassimu permanganate solution. The

pH of the solution, -vIch was initi•Uy around -0.3., w- then

adjusted to 1.5 with solid dibasic potassim-phoPh" ate.

The solution was titrated potentiametrically with silver nitratte.

The calculations and discussion of these data are-described

in Section F of Chapter 3.

D. Temerature Control

Because reaction kinetics are usually tmnperature-dependent

it vas necessary, in the course of these experimentsj. --to antain

constant reaction temperatures. for this--purpose the f.:,ii-g

equipwnt and techniques vre. used.

1. -
All spectrophotcmetric obser'vatIiom waremadef in 46n air,

conditioned laboratory. The mnbiant tedue~a bout

220 C and- the variation during a daj *64- lis tha• !C.*
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2. Rieaction Solutions

AL talu .tutims uzd in the reaction war& braouht to ra-actioI

temperature by placing in a water bath kept at that temperature.

The nominal temperatures used in these experiments were 12.5"C,

23.19C and 30.3*C.

3. Cell Ch2Mer

The cell chamber of the spectrophotometer has included

within its wall, coils through which water from the water bath

can be circulated. The liquid contents of the cells were

usually leC warmer than the temperature of the circulating

water.

4. Uater Bath System

Temperature control of the circulating water was maintained

by use of a water bath equipped with a mercury column thermostat

and heating coils. An integral pump circulated the contents

of this bath through the spectrophotometer. When the reaction

temperature vas less than ambient the contents of this water

&-Lhvere cooled by pumping cold water through coils submerged

in the bath. The source of cold water was a tank into which

was submerged the coils of a refrigerator.

The temperature range of the water circulating external

to this system, i.e. through the spectrophotometer, was less than

O.5*C after equilibrium vas established.

The temperature recorded for a given run was the average

of the temperature at the beginning and at the end of the run.

The temperature at the beginning of the run was taken of the

reaction solution at the time of nixing. The temperature at the

end of a run was taken by inserting a thermometer into the

contents of the cell.

E. Mlaking A Run to Trace The Concentrations of Hypochlorous Acid,
Chlorite and Chlorine Dioxide - The step by step procedure used in
the collection of the spectrophoteoetric data is shown as follows:
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1 P.Minat-ea Q*.nnc1 0^o1ktitninaf hVwnh1 nm"tne13 iA A~nd

iodometrically.

2. Aliquots of these stock solutions were taken to prepare

each half sample and the buffer or buffer electrolyte

was added.

3. The conceatration of each half-sample was determined

spectrophotmetrically.

4. Equal volumes of the two solutions were mixed intimately

at time zero.

5. A portion of the mixture was pipetted into the cuvette

(either 1 cm. or 10 cm.) which vae then put Into the

instrument. The blank cell contained all of the mixture

components except the reactants.

6. The drive mechanism of the instrument vas- turned on after

the reaction cell was in place, and the time of the

reaction was noted. Because the scan speed of the instrument

is known, the time at any point on the tracing can be

determined. A tracing of the absorbancy at a given

wave length vs. time or absorbancy vs.-wave length was

obtained for each run. It was decided to repeat the

experiment at each of the three wave lenaths, 35T, 260-* end

238 mra in order to trace the reactions. This proceilare

was followed in Runs 8, 149 19, 20, 214, 25, 2T.-31, t3.6.,

84-9P these runs were designated A. B9 and C respectively.

However, experience showed that when the reaction is

reasonably slow, i.e. time of completion ' 15 minutes,

it would be- possible to collect enough readings for each

of the three wave lengths by scanning repeatedly fro-



dikei~aOf the drive me hmisn when ujithcr- -the 220 or

38mvvve leneth was resebed. The times were noted-on

the tracing, and It war, 60served that a scan from 380 to

220mi could 'h taken overy 40 seconds, or faster, 1i deel-reedb

Thin~ procedur~e ,wa folowed L~Run 3 and 4 an thv-r runs

vvre -designea,'- as I'~ ruusz 'Nevertheless, this rzocedure was

disceabinued after Run 4 In favor of the A, B, C Runs

'bacau.s of the lenathy procedure. necessary to calculate the

comp)onent concentr!ations. The coumputational techniques

used to convert the spectrophotosetrie tracing~s to concen-

trations; of hypochiorous acid, chlorite and chlorine. AdIxide

are shown in Section A of Chapter 3.

F. Cekon ,the Reaction.Between Chlorine Dio!44e, with,
ItohersAid ohorite

In addition to thie actw4kzetcpmsvda 41:

runs vere made byr takina separate mixtures of each

component and chlorine dioxide. These were prepard in

order to check'if;.-ny reabian took..place between UthM.

"'bese dual reaction studies were done on solutions of chlorine:

dioxide .cnd-chlorite n*-*f-bypcdchiorOa,;: -.Otd ý-,nd chlorine. ,

tht t vny re,-ction'W1t**#en *e.zch re-ct;:.nt aind the !iroduct is

very c1owf t.n&~tthrefore , negl~irbld~ in conjirison with

the r-,tt- of re: ction of chlorite tid hypoohlorouS Lcid. Thid

is in'egi~enant iiith the work, of Fle iA --a8) vj, foml.ta

the~ revetion of )VpeehlQrus, :cid, std ihlorinte dioiide i:',e~y

slow -nd~tfierato~r4 woul1d, not cdevribiale signifi~i'*Itly to ýhe

over-ll rec.eiin of hyirocbrlorous :-cid and~ chlorite.
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G.- Exeimna Difficulties,

There were several experimental difficulties with

vhieh there was concern. As described above in Section C.c.

cf this ebapter the volatility of chlorine dioxide is

1igh - this gave some difficulty in the determination

of the molar absorptivity. However, by slaltexougs

titration and spectrophotometric observation, replicitieity

v-s noted.

The rate of the reaction which is described by

njuation 1. is pH dependent - this necessitated the Us of

r, buffer system. The buffer system affected the reaction

rate; consequently buffer concentration beicom SO~

variable to be considered tripling the number of mS

necessary,

As will be shown in Chapter 3 computation for the

concentration values of hypochlorous acid, chlorite and

chlorine dioxide necessitates the solution of three

saimultaneous equations. The molar absorptivity values

shown in Table 1 are coefficients in these equations.

The very similarity of absorptivity values of the three

components at the 236 and the 260 mu wave length results

in computational difficulties. A slight error in the value

of molar absorptivity or of the observed absorbency is

manified considerably in final values obtained of the

concentration hypochlorous acid, chlorite and chlorine

dioxide. The mamers of adjustments of the data are

•,.cribed In Chapter 3.



-17-

CHA1TM 3

ANALYSIS OF DATA

Durin(; the course of the experimentation for this research,

:om 100 kinetic runs were made. In addition, measurements for chloride

nOzd chlorate formation on all but the first 23 runs were made. Unfortunately

,be date from a1 the runs were not usable

C. .onvelrio of Suctrhotgmstric Dta to ConcestratioM L&ues for
Iceborous Acid. Chl2rte aa d Chlori Dioxide

Frm the tracings obtuaind on the spectropbotmeitpr• charts durine

.ýhe ccurze of a reaction,, bsorbancy data at designated times at 238, 260,

:zd 35T Lnu were picked off of the tracings and tabulated. Cell correction

-aluet e.re applied and the final values of absorbency at each of the

,hree wve lenethe vere plotted against time.

r smooth curve vas drawn throuGh the points. A typical run might

.ý,ield a set of curvei such as shova in 'Figure 1. From these curves,

b.,sorbeny values aw each of the three vave lengths could be selected at

My time. .. ""

d-

absorbency "

A 238ma

"..2 6 0mit

Time•-i-in.

FIGAPe h

Absorbancy Values vs. T ime,, at Wave longth i ~1ýicat.ed
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It hae been shown that the total absorbency at any wave length Is

euA ti the stm of the absorbancy of the various species in solution. Thus,

- g11ovinst equations may be written:

A7 •' 238.C1O2 (C1O21 238-C102 - (C1O2 -1 + £238.R0C1 [HOCl" 1')

A - C0  - [I.1 7 c,6-n. [ROd)1 (8)•2,_0 26-cl02 ' [o02) + £260.02" 2 e-[o 1

A• C €3571-C102 [CIO21 + "35-C102 [CIOj2 + [357-HOC1 [HOCd] (9)

A = abscrbency

= mo.r absorptivity

[ sol acr concentration

the', -ibscripts refer to the vaVe length and species indicated. The values

Stb moler cbsorptivity, as shoa In Section C, Chapter 2, were ath'

tv.tued into the above equations. Thus, the values of the "Age" id the

Sn vere ktovn allowing the solution of the above equatioms fbr tts

of (lEci], [CIO;]. and [CIO.). Mose concentration values v wr tben

:-Att d as sihown in Figure. 2.

An inventory of the vornous runs used in the ealealatioms is shown in

,ie 2. as explained below in Section C of this chapter, the re*Wts ox

& )f thct rti-r made were so erratic that it vas not possible to include

ý '.n the calailations. It mw be noted that the variables considered

:e •emperatur-,- pH and buffer concentration.

ltt~mdvot ion of the Avast ftleacte !A12SISMr goeffi dets

S~olut- on of Equation 2

k [Hodwm [IO•]2 ) (2)

ret-i-Aes eval:lmicn for ka 9 a and n. The value of the left hand Fi.An or

Eqt ,it ton 2 at, ony time, t can be d"&e•ined by. takft t*aDM4 ts .thb curve of



-19-

cocnceutrationt -

CIO

/-

/ -_Clf

//

Tim mi-i.

FTCUPE 2

Calculated Vales of CIC12, C102 and IIOCi Versus Tine

F't
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TOLEZ 2

Etp.r1amu Comaltic wd Value of Appare~nt Reaction rviz•City
Co•fTicient k for KLnetie ibs

"1P
I10iC stemgh Coumtt st 0.3U

F ?T. a t -te1. initial - p8 uf f~r

A •.• 8.1"' .36 0.1 21.6 290

' 11.41 8.3T 11.35 0.1 21.3 230
.8.3? k.35 0.1 21.3 2609.1 9.8.T 1.32 0.2 21.7 5w1

io.85 10.06 4.163 0.3 22.8 it84 .9 Ilse" 4.51 0.1 25.2e 3

- 1.90 114452 11.51 0.1 23.6 265
S9.1, 9.1? 1.25 0.1 22.2 b"

S9.22 10.03 1.21 0.2 22.0 610

10.34 2o.45 5.01 0.1 22.9 157

310.311 10.29 11.91 0.2 23.1 213

:9 12.65 10.29 5.01 0.3 24.2 150

30 9.85 20.19 5.02 0.3 25.8 183

31 9.71 10.20 1.24 0.3 25.11 1085

143 9.85 9.90 5.02 0.1 30.? 181

44 9.17 10.10 5.00 0.1 30.5 20T

45 9.90 10.23 5.00 0.1 30.T 190

46 9.56 10.23 11.99 0.1 30.8 1-

47 9.36 9.94 11.8? 0.2 30.2 285

48 9.46 9.1? 5.00 0.2 30.2 21m

19 9.T0 9.90 5.00 0.2 30.0 225

8.9T io.o6 5.00 0.3 30.9 2111

221.2 0.1.0 5.011 0.3 31.0 26112 9.51 9.68 1.21 0.1 30.9 513

.6 9.75 9.41 4.25 0.2 r.9 ?TO

. 9.66 9.94 11.19 0.2 j.6 980

10.34 10.13 4.19 0.3 AA.8 1150

0 9.95 9.97 4.19 0.3 30.6 1230
1951 10.03 1.51 0.1 30.8 •

S]..29 10.19 4.51L 0.1 31.C 335
2 10.39 9.T . 114.51 0.2 3.-C 480

-5 9.85 9.65 11.18 0.3 31.5 540

S10.31 9.94 4.49 0.3 30.3 5,40

S9.T5 10.10 4.23 0.2 13.5 6o

-5 9.61 10.23 4.28 0.3 i3.7 0

9.56 10.10 o.]o 0.1 OL 365
ST 9.T5 10.o0 0.51 o.3
8 9.80 10.32 1.52 o.2 12.5 .

9.715 lo.32 11.53 0.1 A8.. 9

;0 9.41 9.94 5.02 0.3 2.2

1z 9.36 9.94 1.99 0.2 12.2

i2 io.64 10.00 4.98 0.1 32.6



2h 26 i m ~t Of tize, the Wa~ue of hypoeb.10rous

Or ¾~Ite cocofateftwats can b- taken from the *me tIfure. It

NP W 1 In the Initial ealculation, that mi and a ae unity. Thin

':1, bce out if, *=JoIg the courwse or a single nw, the value

~k i'!o conwtant, Th1ls vas found to be true; that Lis, the rate

atiý,z be vTIttam-±

fLCj41 (fled ci01i (2a)

k thr, dater.nind ara aumn In Table 2.

-n %-ýrtwtn rtws the Tamo~~ of k OPobtained from solution of

t ~vm1portg in tlze vere not reasonabl.y constant and1

'~e i~'~ii~etre-,d. r~ar these sum r~s it agnoted that the

~aI& b ~.s~e ~trap~atos ozero time of the concentrati-

ý,t Illustrated br Fi,"ure 2 did not match the zero time value

~ ~npe1d.Dtobcr~ito~.As described In Section E of

te~ej ~ rotime 781ue6 of concentration of hypochlorous te ~d tit

",r wer? obtained by iarlepenident spectrophotcmetric readi:,%s en

Ve'iof~ W o rent~ants. These

-,71. ?PvU c4i bt~ansd ty iý%, ,ý-d inr tl',,e wolez i~ar,,

c,, s-w 1 ¶T&blL 1, ft vat oz0et 2c= epute the ~

ýAXt.-jlofcl. clrie

tvc not

~ ~ - sit ~ ~ Z~3?tlaz'' 4 2
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sample zero-time value, Since the absorbencies due to hypo- I

chlorous acid and chlorite at 357 mu are so small no adJustment

of the absorbancy-time curve at that vwve length was necessary.

2. The new values of absorbancies at 238 and at 260 mu thus obtained

were used to recalculate the concentration values for bypochlorous

acid and chlorite, The incoasistencies noted above, notably the

variations in the kapp values, were eliminated ir most instances.

D. Evaluation of the Cci ýoants of A arent Reaction Velocit
Coefficient

It is apparent that the values of k obtained are influencedapp

by pH. buffer molality and temperature. Zvaluation of these several
variables is discussed in this bection. The values of kapp taken fron

Table 2 are plotted against hydrogen ion activity on Figures 3, 49 rad'5.

Firure 3 is for the values at 12.5 0 C. Figure 4 for 23°10 C and Figure 5

for 30.3°C. On each of the tigures the values of k versus (H+)
app

values are plotted separately for the different buffer noliaities,

Because the computed value of k was not always constant for a
app

single run despite the adjustment described in Section C above, the

range of values are iedicated by a vertical line on the plot. Straight

lines were drawn by eye through the plotted points or lines. The

slopes of these straight lines vere designated as S1 and ax"

shown in Table 3.

TABLE 3 V
Values of Slope (Sl) versus (A+) at Buffer. "%olality and Tempera.

ture Indicated. Dimensions of S are I2 mole min.

Temperature Buffer 11blality Intercept ,alue of
C 0.1 0O2 k at (H)- 0

__ app

12.5 4.WO11* 6,914 8,1106 9

23.1 5.Ttl06 8.8xlot 6  12. 9x.O+6  100

30.3 7.211046 ll.9IlO~ 1584'
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Thefinte alu ofthe ltercptav m ~d the 1njm fle.QQiF p

values with hydrogen Lou activity anid with buffer v;O!M C'

nigures 3 to 5, suggests that the reactton rate is Ieanera acid

catalyzed - the three acids bang water, hydro••n ion = buffeir.

The form of the equation, for each tenperature, ~~te-Zi d by theI

plot on Figures 3 to 5 is:

k k + I.-q+ (H~+3 S. f!m+1 ral l@

In Wthic

1In t:i h.t Dortiom 0? Om reactlen valoefty oe~wfficient Cue to I
the ores•nce of vater Titiplied by the elar- citmatatiou

of water in, the rac•en. The Coneemtration of water Is

assumd constant.

kq+ -that portion of the reaction velocity coeofficint dua to

the preconce of hydrogen im at buffer molality equal to

zero.

S2 that portion of the reaction velocity eftfficent fue to

the buffeor olliy and to hydroen ift at so= value of

buffer molalit7 Veester than zero.

I

(BJ -Bujffer nolality

At each of the th-rea tcoporstures used In this meearch,

the intercept values of k at (•-I a 0 we Uw8paondet of

buffer malality. Therefor, the values of kare 1 1000,

121) A mole min at the t aemaers of 12.5o 23,1 •d 3#).C, I:-
respectively.
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Effnrect of __-1vdrov~n Tm Activity and r~i~rj-oxatirvon Reaction
Rate

It ma- be seen from Figures 3 to 5 that the reaction race

increases linearly with the hydrogen ion activity. Also the

race is increaesd with buffer olalty. To evaluate the effect

of each of these two acids the following procadure was used:

The slope values of the lines on V•gures 3 to 5, designated

as S were plotted vercus buffer mnlality on Figure 6.

The intercept values at buffer •l•ality equal zero are

designated ai k, and the sloyes of the lines as S2-

The values obtained are gives in Table 4.

TABLE 4

Values of Constants to be Used In Solmtion of Equation (1•))
f or k at Telperatu5 e 1 cted, V

Temp k Wn ÷+ S 2  0

Roleftin oI mhl v 3n• mole minC

12.5 90 1.75 24.2C

2.&.100 2.1 35.2a

30.3 120 3.1 42.9

A. l~~e of Use of SauatiMs (j)

tat Temp a JOC, Buffer 'folality 0.3, [11+3 5x10 5

ap ak W k, (lc 2()1 (10)

Ssection of the values ot zoeff~tt2.ents from Table 4 and

substituttmg valsic of variablos Intvt Equation (10) yteldt:

k " 120 + [3. x1 x (uf3+ ([254t6 r 51~ x [0.31

- 120 + 153 + 645

- 920
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Pcom Figure 5 the values obltain.d for th*oe conditions ti o 741
920 also. 6-

E. RetlWa!LE of Ac to le

It is noted ftm Figures 3to6 that the reaction rate is Inceas~ed

with twnarature within the range used In this research, i.e. 12-30C. 4

The data collected makes possible the coaptation of activation

energies of each of the three c - te, k' k and S2. Information

on the activation enorgies not only aids in the amalysis of the

the ce of the reaction but also makes possible computation

of the valus of k P at ezperlntal conditions other than those

used In the research. To compute the activation energies the

Arrhenius Equatitn was used - Equation (11).-E •'l! (11) IXIO•
k Ae (a) 9x

in kc JvA7E/RT9

in wehich 7a-

A - coefficient - "frNe~~ncy fawtor" 6 1,

E - activation energy - calories 5 -

W 5

R - gas constant - 1.987 calories dog mole a
E 4E

T - absolute temnersture - exelvin

k - reaction velocity coefficient 3

A straight line defined by plotting In k against l/T would yield

a straight line with - slojo eqtaal to S/R and an Intercept equal

to An A.

The values of kye ;+ and E2, taken from Table 4 are plotted

.gainst the reciproctal of the absolute te eratu.es on igwue 7.

The alue of the 5rhanius Equation cenutmte obtained are shown 1I

in Table 5.I

- mot
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TAAL-F 5)

Valwe of A wd E for the Various Coap.nents of k
AIR*

A E

tnole" 1 --i Calories/cola

k 9.2 o 03  2.64xlO3
S2,15 

Ol0 5t4oS W O3

82 3.9z10 1 1  5.5x10 3

Substltutlng the valves sham in Table 5 into Equation (10) ytelds

Equation (12)

k 9.2sl0 3 e-2640/1RT + 2.15s1O t io'I e -a54O/'RT
app

+ 3.9z1o 1 1 [ 1+ (B] e'SWOT (12)

To test the validity of Equation 5 the computed values for k w are

compaed with obeerved values as shown- In Table 6.

TABLE 6
Cm~aiesro of Computed end Observed Values of k for Runs Indicated

app

PAM No. kg pp. , Aole 1 •tin- 1

Observed Computed by Eq. (12)

4:4r. 260 362

S540 533

io 188 248

56 77) 784

65 50 671

The results compare within 15 porcent landing validity to Equation 12.
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F. Chlorine and Electron Balances

If it Is aasu=d, as ehoa In Equation 1

&=WCI + hClO2  * pClO2 + qCl.O3 " 4 •!" (1)

that ouly chlorine dioxido, chlorlds =4 chlorate are form:d by the

reaction between hypochlorms acid =-d chlorite -,this the range

of the oxri=mtaI conditions used, Von three balamced equaticw

can be suggested. These are Equatioas (13)9 C4), m ad (IV):

EOCI + 2C10 2 - 2C10 2 + CI + W3 (13)

MIoc + CO CI dO +C1" +H4 (10)

3C10 2 " * 2C10 3 + Cl'

To test the validity of assuming that, Equatiios (13). (14), =4 (15),

are reasonable paths for Equation I 8 conparicon was me& of the

values of chloride end chlorato calculated md the valew easwrd.

1. Ca~La~ f21 2a~ of1mdClwt o~ su

ML.•d ES."tions

As described In Section A WE thin Chater the canetrations

of hyp•chlorous •cid and of chlorite won calclated at the

beginning and also at the end 'of t:t h. euth= , the !

concentration of chlorine dioxide at the cd of a mr wen calculated,

Thus, krowInr the aneuae of bypochiorcus scid and eblorite

cemud In the teaction cad the amunt of chlorine diomMd

faiwd 4 use of Squations (13)j, (14), =d (15) the =m~ts

of chloride and CUOTat 90MM could be M ily calculated.

For ePle,1Qt If sam a, t chlorite QUA five mit~e of

hyphlogms aae~d "we o 4 . o fur Mau of eblotIMe

dlaSd& by wea of~ Q E~itI &-4r efsof dtlovite =d a

wMito of hypb'r 4CM VMo~d be UMM M4~ PM unitt of

chlov'ide fozmd. The ram~iala thme twi acowh of hypothlovaus
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acid =-4 chlorito could be zonsuad by Equation (14) to lotsz three

units of c lride cad chlorate. And in the caaca where the

Talative 6MMt of Chlorite cco==d was greater, the U00 of

Equation QL)might be nccosary.

2. o or or$, m td-Chlorate Usi AR.gearImental ')Sta

As described In Section C of Chapter 2, at the enkd of each

rca, after qun 25, all of the oxidising form of chlorine except

chlorate was reducod to chloride using hydroxyl=z1ne sul~fate

titrated potentioastrcally with silver nitrate.* The total anount

of chlorine In the form of hypoeblorous "cid, chlorite and

chlorina dioxide, as determined spoctrophotom~trically, vas

cubtracted from the value of total chloride determined Potentlo-

ratrically to yield the value of chloride formed In the reaction.

Also, In a separate operation, total reduction of all fa=* of

oxidizing chlorine to chloride,, was accomplished on the Joes,

redactor. The resultIng solution wase titrated poten~tlofttrcally.

The difference in total chloride found In the two poteittomwtric

titrations was considered to be the chlorate forw~d.

Unfortunately , the laberatovy technique sea~d to have qome

shortcomings. Chlorine dioxide escapes rapi dly fron aleous

solution even more rapidly then does hypochlorous aciC, Thus,,

in the process of qassing the solution through the Joucts reductor

colu= so-me chlorine dioxide and possibly soma hypochmohou

wAcd,; If precont, w=s loist into the atmosphere. The cs-,At was

emall - normally more then 95% of the initial chlorl.utos G.

acoted for in the effluent of the Jones reductor. 1~mmaver,

A=nc the tot~al bhlocate w=s determined by =mall diffetnce

calculations as dascribed above the paircmuntagerror to chlorate
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concentration aight be considerable. Because the Jaws vaductor I
step was the ow mest subject to error,; It was mas=d that hie

chlorate formd was simply the difference between thl initial

total chlorine and the value found by the potentlomtric

titration of the hydrozyl=ain sulfate reduction products.

That is, since it was sbtvwn that the df luont from tho Jones

reductor accounted for 95' plus of the initial chlorin present,

the: •ata obtained fvom the reductor was not used.

3. Ccýerison of Cononramg Val~ues of Cia da ;td t
Obtained by Gcnutazlonal and E -zstSUIL ~tO&

A coWarison of the values of chloride and chlorate obtaimd

by calculations using "quations (L31 04L, (15% and obtained by

adjusted experlsontal procedures are shatm in Table 7. It may

be noted from Table 7 that the values of chloride b=ed on obser-

vation are usually very slightly higher than those obtaied by

calculations. No concrete explanation for this d1screpancy in

chloride concentrations is offered; however, it is sag M ted

that both the hypochlorous acid and chlorite solutions vbw

several days old might have decomposed to form chlorides. A 52

or less decomposition of each of the two reactants wold account

for the majority of the ezcess chloride found by the exparnl ntal

method. The values of chlorate found by the two wthods ar

different by the saw amut as the chloride valuos but in

opposite maimer. This is necessary because in both mathWs

100% chlorins balance was assumed.

;.Yields of Chlorine Dioxie nd of MIort f~1Clot

Taube and DodUcn (9) showed by use of radioactive traI=r that

the majority of the chlorite comm d.d was ra form-e Into chaim

dioxide and chlorate. This is cowistent with Equatios (L, Wo • d

(15) - only the last one allols a yield of chloride fro= chlorite alone
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TABLZ 7

CaMarlaso of Chloride w.d Chlorate Valueo

Found by Coqitatlon and by IZperlment

Run Total h alorwt
tie. tititiel chlorine Wac. RIper. Cate. Rxper.

oI I L moles 9 * moles I 0 moles It moles It

25 19.25 5.40 5.23 3.22 3.38

27 20.79 6.35 5.16 5.06 6.31

28 20.63 7.31 7.48 5.24 5.08

29 23.94 6.87 8.28 5.44 4.07

30 20.04 6.70 8.15 5.73 4.28

31 19.81 5.79 6.33 3.89 3.35

43 19.75 6.00 7.43 4.39 2.97

44 19.27 6.06 6.42 4.55 4.18

45 20.13 6.32 6.95 4.98 4.34

46 19.79 5.89 6.67 4.78 4.1.

47 19.30 5.63 7.21 4.39 2.68

U 19.23 6.35 9.53 5.35 2.17

49 19.60 6.28 8.12 5.21 3.38

51 19.03 6.32 9.56 5.22 1.97

52 20.35 6.66 9.07 5.98 3.57

53 19.19 5.03 5.37 3.1' 2.73

56 19.46 6.07 5.15 3.63 3.53

58 19.60 5.87 8.0I 3.87 1.69

59 20.47 5.58 7.20 3.91 2.28

60 19.92 5.36 7.62 3.27 2.01

61 19.54 6.09 6.68 3.72 3.15 _

62 20.43 5.24 6.56 3.76

63 20.03 5.97 6.22 4.03 3.77

65 19.50 5.66 6.83 4.25 3.07

66 20.2S 5.78 6.51 4.21 3.50

84 19.65 6.36 7.03 2.94 1.

85 19.83 4.16 2.11 1.88 3.94,

86 19.66 4.64 5.12 3.71 3.14

87 19.75 5.44 6.45 3.15 2.14

88 20.12 5.97 4.93 3.1') 3.7'

89 20.07 4.99 4.94 2.40 2.47

90 19.35 5.66 6.40 3.93 2.9T.

91 19.30 5.07 6.56 3.31

92 20.64 6.19 6.13 3.94 3.0.
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WA the mount is small. The exporisantal results from this reeearch

Av, port these findings. The ratioe of chlorine dioxide produced to chlorite

ccisumed and chlorate produced to chlorite consumsd e shown in Table 8.

Th values of the chlorate produced are taken from the calculations using

:'q,, ativus (13 , (14), and (15),

During th• course of a single run the ratio of chlorine dioride produced

1c' chlorite cswumd. .emained constant. it was assuemd that the relative

7'r.orttons o"i chlorate and chloride produced also remained conetent.

From Tabi, 8 it appears that the yield of chlorine dioxide is ehlamced

:y a decrease In pH and reduced by an increase in tenierature and buffer

•osalrTu. Pures 8, 9, and 10 are plots of the ratio -o chlorine dioxide

••o d to chlarfte• consumed atthe buffer molality end teoeratwte shown.

Th datal, thi3h somehat scattered, showed a definite trend end this is

"a' rly welv: approximated by the straight lines drun by eye in Figs. 8-10M

,.V sl8105 of the straight ines and the intercepts at zero hydrogen ion

,c ivW' are vlU'mn in Thble 9.

TABLE 9

Slope aund Zntercept Values of Plots of [C1021 formed

/ [CI02 - consumed at Buffer Molality and Tempratures Shown

3lopezxio Interecpt Sl• x 10 Intercept Sloe1•c n

.05 .7 .03 .48 C.&

.5 p.44 0

11interttqpt vaxlueta, thnt is, the' clorima dioxide--chlonitt r&;.ýIz

_aro i4ydrogt -i i~t. activity taiken from r~l riplte o e&

f-M three trqx~rature±s on Figt--e 11. Thp. slopt and inte.rcept vdt&L~as

On Table 10.



TABLE i

Rtios of Chlorine Dioxide Produced to Chlorite Consimed
1 3 4 5 6

Run N~o. Tempe pH Buffer [CIO,021o 3C103 &6

3 21.0 4.36 0.1 . "I 0.40 0.91
41! 21.3 4.35 0.1 0.54 0.34 .88
)4fr 21.3 4.35 0.1 0.56 0.34 .90

8 21.7 4,32 0.2 0.56 0.39 .95
14 22.8 4.43 0.3 .59 .31 .90
19 25.2 4.51 0.1 .63 0.27 .90
20 23.6 4.54 0.1 .66 .25 .91
24 22.2 4.25 0.1 .53 .39 .92
25 22.0 4.21 0.2 .60 .36 .96
27 22.9 5.01 0.1 .42 .50 .92
28 23.1 4.91 0.2 .4T .60 L.OT
29 24.2 5.01 0.3 .37 .61 .98
30 25.8 5.02 0.3 .34 .60 .94
31 25.4 4.24 0.3 .54 .39 .93
43 30.7 5.02 .1 .45 .50 .95
44 30.5 5.00 .1 .45 .48 .93
45 30.7 5.00 .1 .42 .52 .94
46 30.8 4.99 .1 .41 .50 .91
47 30.2 4.8T .2 .44 .48 .92
48 30.2 5.00 2 36 .57 .93
49 30.0 5.00 .2 .37 .57 .94
51 30.9 5.00 0.3 0.36 .60 0.96
52 31.0 5.o4 0.3 .31 .60 .91
53 30.9 4.21 0.1 ,57 M37 .94
56 30.9 4.25 0.2 .58 .42 1.00
58 30.6 4.19 0.2 .54 .40 .94
59 30,8 4.19 0.3 .52 .39 .91
60 30.6 4.19 0.3 .52 .34 .86
61 30.8 4.51 0.1 .56 .41 .97
62 31.0 4.51 0.1 .51 .40 .91
63 30.6 4.51 0.2 .51 .46 .9T
65 31.5 4.48 0.3 A5 .47 .92
66 30.3 4.49 0.3 .A7 .46 .93
84 13.5 4.23 .2 .68 .30 .98
85 13.7 4.28 .3 .70 .21 .91
E6 12.0 4.22 0.1 .59 .32 .91
8T 11.5 4.51 0.3 .60 .35 .95
88 12.4 4.52 .2 .68 .37 .95
89 12.5 4.53 .1 .67 .31 .98
90 12.2 5.02 0.3 .48 .46 .94
91 12.2 4.99 .2 .54 .4o .94
92 12.6 4.98 .1 .55 .48 1.03
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slope "un2 lntercapv Values of (V102 formed Ij
C%A 3 conaql~wd at (11+4 0 ea a Fwiotlor, of

Bu~ffr itola-ity at Teuperatri-r Shoea

Tew.erature $1opa Intercpt

ac

IT5 ..Z 0.54

23..1 .37 *S

.37.4

at l2.50C:

[CIO2  toni~ad- f3(6

[0.52 2con111

atI

(C.2 4od 052 0. O37 13 + 03 ,x $ 1an
Ica-

Eno02 ' 1csvI4~Md

at 3!tby

acid,, ch1lwtfte tirn thlortrut di&sds 4micng$ wext ttA ftte

course Get fte rsactIpz- it -3$" v)~f4v so ~~e4(2
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ka~ - 2 X 10 3 a"2640/RT + 2.15 x 13 10 (H+) .8"540/-•T

+ 3.9 x 1.0" t+o [ *-S500/RT (12)

The equations are applicable between pH values of about 4 mad 5

and betwem taqeperatru of about 10 to 35*C with a phosphate

buffer sytem; these were the experimental conditions under Alich

thi s rest rch wa conducted. The yield of chlorine dioxide from

chlorite ýýonsmed varied, within the experimental conditiont

described, from about 35 to 65%.

It vtis observed that-be majority of the chlorite const-0d

wo oxidi .ed to chlorine dioxide or chlorate whereas the hypochloo.*us

act.d conusied was reduced to chloride.
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MfCHANI.SM OF THE RUMACTOR

The kir•t- ar-s alysi of 'his -esearch as described in Chapter 3 reveals

z: the rate -:• th overall 7eaction in which chlorine diouide is forued

Shyp-chlor¢c-s acid and chlorite is ftrst order with respect to the two

,s".tants un•.e-- IM range of experimental coaditis us"ed. The rat*

u ,,tion way t .refore be written:

d ý '1O2"
S = app [(ocil [o.1 (2.)

ap

1.,. r,,ermore, t s research "resals that the ratio of byporous acid to

c' 1c .- ite consur ci,,, during the course of a sitagi*ewzatLon is cnstant and

-1mi"S less thegn unity but the value of the ratio shifts with eprlinant *a

e;~ toie Allro tbo. relative proportice of the r~ectioa pr~odcts (i.0-

c• .c:-ne dioxida, chloride and chlorate) shifts with .zperlmstal eadit ions.

A =ýa•.hantsm is Guggestod as shown in Lquation (19).

÷+ OC1 + C10 2  ,

2O C-12922 ~C3

CIO + C "10 - +ClO3  ClO3 + C + H

•3

i~n Wu~e~emnt *-U ti- pyjsd by Taut* and ~~i

ited that imntenedie~t.e Cl veau the stru~ctural tom.



co account for the observation that chlorine atcs remain distinct according I

to t1h•ir origin,, ioe. from the hypochlorous acid and tb&h• ehlorite, The

distinction vas demonstrated using radioactive chlorine in the hypochlorous aciu

molecule.

As shom in Section G. of Chapter 3 the proportion following each of the

tw Wthe shifts with experimental conditions. Within the range of the

eq tm-atma ctina of this research, the y!"d of chlorine dioxide

for-ed to chlorite consuwA varied from &• vAt 0.35 to 0.65. To make the

c eas bal&=o (Sectica F Chapter 3) it is necessary to suggest the

dis-,4p ioatian ot chlorite to fom c ,•.ete and chloride as shown in

Equat~on (15) and suggested stemaatcl3y in Equtf.tlon (19). Since this

reaction does not take place kipont~aeously it is hypotheeized that either

the activzted intermdiste or the hypchborvus acid catalyzes the reaction.

I
I
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SWE THM10UAMfL4C CO 81 RATIONS

To check ri sytmef.Ay of the chemical reaction propped in Equations

OC + o 2C1O2 20O12 +' Cl + Oi" (13)
HM+ClO 2 CIO 3"+C +(

3C10 " -4 2C10 3- + C (I1)2 3

the concept of change in free enerrg" is employed. The values of F%, the

energy of formation of the ion or molacule at unit activity, for the aro-

priate reneents, nre •isted in Table 11.

TABLE 11

V-lues of Free Fnegy a.t Unit Activity (FO)(10)

Ca w -or Ion O- - M-w 22
H÷'  40.00
c1" -37.595

Cl" -nl350
c103- - 0.62
C102- + 2.T70
HOC1 -19.,1o
C102 +29.-49

The change in free energy durtag the co -. of reactioni i des eztd

by Equa~tion (20).

~products "rek-ctnts (0

The free emergy of each of the *=- tituits is relatod to Itt -fte

energy at unit activity (FO) by ftjiction (21): B

F a 0 4' * RIZ (21)

Sa free energy of formation of the Ion or molec'4e at =-ft wtivity

RMgvrs content a 1.987 Orlaowi ee 4g M016-1

T = t raturo in degreas t.1vin I

a activity of the ion or molecule
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For . reaction such as the one described by Equation (19). Equation

(21) uw b* writtent

-• + & *2 Clo £C- x (2-
C1022 X = -ý(2&21clo 2. (•i•OC1 O

it my be noted that the expression vithin the Plrentheses Is the equilibrium

constant (X) of Equation (13). Equation (22) may be written:

A?- Ar + R2nK (23)

At caulibriu AF equls sero. Therefore, Equation (23) acty bo written:

-Apo (2)

t 2" a •o2*+ FOCI- + cMr" "F*1IO2C. - 2?cloi

= 3.665 x 103

- 3665

At 270C: -3665
Jac K a _________

2.303 x 1.98T x 300

log K a .2.6W9
Tbhrefore, K = 2.111 x 10-3

Substituti•g the value for K obtained above yields Equation (25).

Ka• 2 S- AM a(25-K NC = .'022
=-olx 1.O2-

K = 2.1). z 03

At a pH of 5,, at 2VC, *W.•. (01) - lx1O-9. SubstitutinG thie into

Equation (,21) yields i4quation (26):

K' - 2.14 x10 =2.14 x 10
1 x 10-

K' ti2C102 LCI-

&2C102 - aHOCI



,b sh•ows that at this pH value tbe rerctioi shown by Lquation (13)

-ias its equilibrium far to the right.

Similea-ly, for Equati•n (14):

F C103- C ÷ - HO - C02-

-t 2?0C: 19 1,o
-•F =15,600 -

2.,03 x 1.987 x 300

log K - 11.36

•ai. it is evidert' that the reaction, at equilibrium, is far to the riht.

ThIs is equally true for the reaction shown by Equatiam (15). T'he
I

:.ocaritvu of the equilibrium constant, I.e. log K. is about 30.

3 C1" 2 -- 2 C10 3  + Cl"

Fo £-rprodut -uF'°k*C1M*$

6FO - 2Pc+ F - V

AFO a (2) (-0.62) -31.350 - (3)(2.74)

&r -ERT1nK

-1.01 - -x.987 x 3003 InK

n - 70

Therefore, lte K a 30

I
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C•APTRR 6

SM•#IARY

The reaction, the formation of chlorine dioxide from hypochlorous

acid and chlorite in aqueous solutions, which was studied in the present

research is shown in Equation (1):

,,HOCl + hC10 2 * pClO2 + qClO3 + rCl (1)

Since chlorine dioxide, chlorite and hypochlorous acid have different

absorption peaks in the ultra-violet range, the spectrophotometer was

used as the method of analysis for this study.

Kinetic analysis of the concentration values of hypochlorous acidp

chlorine dioxide and chlorite changing with time during the course of the

reaction given bj Equation(l) reveals that the rate of the overall reaction

is first order with respect to the two reactants under the range of experi-

mental conditions used. The rate equation may therefore be written:

diC10 2]
• k [(OCl] (Cl021 (2a)dt app

By assuming that the apparent rate constant is the sum of the rate const&ts

due to the three individual acid species existing in solutioni.e. water,

buffer and hydrogen ion, it was possible to write equation (12):

-2640 -5400

k app 9.2x10 3 e RT + 2.15xlO10 [H+] e RT +

-5500

3.9xl01 1 [H+][Bje RT (12)

The latter two equations are applicable within certain experimantal

conditions as determined from data collected for the hundred different

trials performed in this research. The pH must be controlled at 4 to 5

with a given buffer molality and solution temperature may be varied from

10 to 35*C.
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The yield of chlorine dioxzide from chlorite varied from 35 to 65%

within the experimental conditions described.

It was observed that the majority of the chlorite comsumed was oxidized

to chlorine dioxide or chlorate whereas the hypochlorous acid consumed was

reduced to chloride.

A mechanism is suggested, as shown by Equation (19), in which C12 0 2

is the activated intermediate complex.

+ slow
H + HU C+ O2 C102 C1 2 0 2/ ' ti2O 0 (19)

103+ C0- CIO3 C1 + H÷ C02 + H0OCl + HL + C3

This •mchanIsm suggests that the formation of the intermediate ir the slow

rate determining step.

"4
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APPENDIX A

The' Purification of Sodium Chlorite

1. The simplest procedure is to prepare a saturated water solution

at 43-45°C, filter and cool to about 10°C. The crystals, which

&et Nac0O 2 3H20. are separated from the mother-liquor, placed in

a crystallizing dish and dried in a vacuum oven at 50°C and 2-5::amm

of mercury. In drying the material forms a solid mass. It should

be growid in a mortar avd readied for several hours at 60-65 0°C

The m~terial should analyze above 99.5% and maybe 99.8% if the

starting material is in the 99% range.

2, Washing and dehydration using mothyl-alchohol: The crystals of

NaClO,.H 2 0 obtained in the above procedure are washed first with 60%

methyl-alcohol to remove the mother-liquor without precipitating

chloride. This is followed by a light wash with absolute methyl-

alcohol. The crystals are then taken from the filter and added

to several volumes of absolute methyl-alcohol and stirred to

complete the ceuversicn to the anhydrous salt. The crystals are

filtered# washed with more pure alcohol and dried in a vacuum oven

first at room 'Uimerature and finally at 500C. The mothyl-alcohol

should contain a small amount of NaOH (I gmn. per liter approx.) to

prevent decomposition of the chlorite. The chlorite should not

be exposed to the air more than necessary, Pure crystals can be

gram in isirly large size from either a 60 or 80% methyl-alcohol

solution by slow cooling.
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